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Abstract
The KM3NeT detector is a neutrino telescope under construction
in the Mediterranean Sea. High-energy particles travelling at
great velocities can emit underwater light, which is measured by
the detector. Data coming from the parts that are already
deployed can be interpreted and analysed to determine
characteristics of these incident particles. Muons are of particular
interest in this research, because they can be easily identified as
such. Nearly all muons approach the detector from above and, as
it spans well over 600 m in length, muons are measured at
different depths. Because of the large volume of sea water
between the highest and the lowest part of the detector, it is
expected that more muons are measured at the top than at the
bottom. In a few separate ways it has been shown that this is
indeed the case. Fewer hits are measured deeper down the
detector, which means that the muon hit rate is dependent of the
depth. It has been demonstrated that the distance over which the
muon intensity halves is equal to 530 m. Comparing the data with
Monte Carlo simulations has shown good agreement.
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Chapter1
Introduction
The knowledge of our universe is limited by the power of our telescopes
and our ability to communicate with spacecrafts in deep space. The pro-
cess of discovering new pieces of information and learning more is, how-
ever, not a one-way road. Numerous particles originating from distant
objects pass our earth every second and they can provide us with essential
information about their sites of genesis. From these particles neutrinos
are amongst the most effective of messengers as they are near massless
and electrically neutral. Neutrinos are part of the elementary particles,
which are not known to consist of other, smaller particles. Decrypting the
information from cosmic particles, even detecting some of them, is not a
straightforward thing to do though. Detectors, varying in size and com-
plexity, are constructed to find and analyse some of the particles.
Detection of neutrinos is possible through measurement of a physical
phenomenon called Cherenkov light. This is emitted by charged parti-
cles that can result from a neutrino interaction, where the particles travel
faster than the speed of light of the medium in which they move. Because
neutrinos only interact weakly with matter, one requires a vast volume
of homogeneous material to measure a significant amount of neutrinos.
One such material, which comes in abundance on earth, is sea water. For
the construction of the KM3NeT (Cubic Kilometre Neutrino Telescope) de-
tector three locations in the Mediterranean Sea have been selected to each
host a part of the detector. The KM3NeT detector occupies a volume in the
order of cubic kilometers, thus increasing the odds of detecting neutrinos.
Muons are one of the aforementioned charged particles and can thus
be used in neutrino detection. Other than through neutrino interactions
muons can also be created when rays of cosmic particles collide with par-
ticles in the earth’s atmosphere. These atmospheric muons can travel
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through the atmosphere to the surface of the earth and they can even reach
the parts of the sea where the KM3NeT detector is situated. Atmospheric
muons outnumber the muons that originate from neutrino interactions
and are therefore the primary source of muons in the detector.
Even though the KM3NeT detector’s main goal is to detect neutrinos,
its design serves other useful purposes, in which atmospheric muons can
also play a role. It is over 600 m in height, with 18 different measuring
points on every line. This serves primarily and most importantly as a way
to reconstruct particle tracks, but it can also be used to contrast different
levels of depth with each other. This poses the main research question:
Can a depth dependency of muons be measured with the KM3NeT detec-
tor? Additionally, if there is a depth dependency, can it also be described
in a quantitive way? Or, in other words, can you say something about the
relation between depth and measured muon events?
Answering this question first requires an explanation of the theory on
which the detector is based. This will be covered in the first chapter, after
which a more thorough exposition of the KM3NeT detector itself is set out.
All of this leads to the chapter on the most relevant results together with a
discussion and, finally, a conclusion.
8
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Chapter2
Theory
2.1 Neutrinos
Matter is composed of a combination of elementary particles. These are
particles that are not known to be made up of other particles. We distin-
guish between quarks and leptons. There are six quark types or flavours
(up, down, charm, strange, top and bottom), but no single quark can be di-
rectly observed in nature. Each quark flavor has a fractional electric charge
and also an antiparticle with an opposite charge. Combinations of quarks
form via the strong interaction, one of nature’s fundamental interactions.
This constitutes hadrons, to which protons and neutrons belong.
There are also six leptons and three of these are neutrinos. The other
three leptons are electrons, muons and taus. In contrast to the quarks, all
leptons can be found as individual particles in nature. Also, leptons in-
teract through the electromagnetic and weak interaction, two other funda-
mental interactions in nature. On the other hand, the leptons have a corre-
sponding antiparticle with an opposite charge, like the quarks. The three
neutrinos have a different flavour; there are electron neutrinos (νe), muon
neutrinos (νµ) and tau neutrinos (ντ). The electron neutrino was first the-
orized by Wolfgang Pauli and Enrico Fermi in the 1930s as an explanation
for the continuous spectrum of electrons observed from beta decays. Be-
fore this theory beta decay was thought to occur as follows: n→ p + e− (a
neutron decays to a proton and an electron). According to the law of con-
servation of energy the electron that results from the decay should bear the
difference between the initial and final energy state, which should there-
fore be a distinct value. Measurements showed, however, that the elec-
tron had a continuous energy spectrum, which would break the law of en-
ergy conservation. Pauli therefore proposed a third particle in the decay:
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Name Symbol Antiparticle Charge (e) Mass (MeV/c2)
Electron e− e+ -1 0.511
Electron neutrino νe ν¯e 0 < 1.7 · 10−6
Muon µ− µ+ -1 105.7
Muon neutrino νµ ν¯µ 0 <0.170
Tau τ− τ+ -1 1777
Tau neutrino ντ ν¯τ 0 <15.5
Table 2.1: The six leptons and their antiparticles. Charge is given in units of e (1.602 ·
10−19 coulombs). Antiparticles have a charge opposite to the other particle.
n → p + e− + ν¯e, which helps to explain the difference in energy. Fermi
eventually named it a neutrino. It took until 1956 before there was experi-
mental evidence for the existence of the electron neutrino [1]. Shortly after
that (1962) the muon neutrino was discovered and a few decades later the
tau neutrino, which completed the lepton family.
The mass of a neutrino is extremely small, but nonzero. Furthermore,
neutrinos are electrically neutral and they travel close to the speed of light.
These attributes make them ideal messengers, as they can cover large dis-
tances without being affected by magnetic fields or being absorbed by
matter. Their trajectory carries information about the site of origin, thus
providing information from places in the universe that are unreachable
for current technology. The very same attributes, however, make it very
difficult to detect neutrinos. It is not possible to detect them directly and
neutrinos rarely interact with matter. Interactions do happen via the weak
interaction though, and when a muon neutrino is involved, a muon is one
of the particles that is produced in the process. These muons are charged
particles that can be detected if their energy is high enough∗. In a similar
fashion electron neutrinos can also produce electrons. They develop an
electromagnetic shower of particles, which can then be detected.
2.2 Neutrino detection
When charged particles have a velocity greater than the speed of light c
of the medium in which they travel they emit Cherenkov radiation. The
charged particles polarize the atoms in the medium when they pass through
it. If v > c/n, with n the refractive index of the medium, the passing par-
∗Energy in the order of GeV
10
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ticle will create a disturbance. The energy within this disturbance will
radiate as a light wavefront, Cherenkov light, from which the photons can
be detected [2]. The wavefront is emitted at an angle dependent of the
particle’s velocity v and the refractive index of the medium:
cos θC = cv·n
For high-energy muons the velocity approaches the speed of light (v ≈
c), approximately setting the term cv ≈ 1. In the water of the Mediter-
ranean Sea n ≈ 1.35, so the Cherenkov angle is θC = 42◦. This is the angle
between the direction of the particle and the emitted light. As the light can
be emitted in every direction with a 42◦ angle it is best to think of it as a
light cone that surrounds the particle.
Measuring the Cherenkov light is a reliable way to identify higher en-
ergetic charged particles, but it does not provide information about which
particular particle caused the light wavefront. Whereas the light does not
conclusively distinguish different particles, the path length (figure 2.1) is
a useful quantity to make that distinction. The electrons from electron
neutrinos will rapidly create an electromagnetic shower, that has a typical
path length (in water) of the order of meters. Muons produced by muon
neutrino interactions will have a longer path length than electrons. And,
dependent on the energy of the particle, the muon path length may be
several kilometers. The tau particle is the heaviest of the three and due to
a short lifetime it will quickly decay into other particles, hadrons, which
make up a hadronic shower much like the electromagnetic shower. Only
for very high-energy taus it is possible to traverse the water with a sub-
stantial path length.
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Figure 2.1: The path lengths of hadronic particles (had), electrons (em), muons
(µ) and taus (τ) at different energies in water. Hadronic particles and electrons
create a shower of particles that have relatively short path lengths. Taus can only
travel a long way at very high energies, but muons can easily traverse hundreds
of meters at energies well below 200 GeV. [3]
12
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Chapter3
The KM3NeT detector
The goal of the KM3NeT detector [4] is to detect neutrinos from faraway
astrophysical sources. Analysing the neutrino flux will provide informa-
tion about the origins of the neutrino and its energy spectrum among oth-
ers. This may eventually lead to a better understanding of our universe
and its composition.
The KM3NeT detector is still under construction, with a phased de-
ployment of all the constituents in progress. Data is, however, already
collected by the part of the detector that is yet installed. The complete
detector will be made up of a total of three detection sites in the Mediter-
ranean Sea, a French, an Italian and a Greek site. Data is gathered through
light detection devices that are suspended on a long string and this is being
forwarded to an on-shore data centre through electro-optical cables [5].
3.1 Detector structure
3.1.1 Digital Optical Modules
The digital optical module (DOM) is the detector’s measuring unit. It con-
tains the light detection units, which are photomultiplier tubes (PMTs),
within a glass sphere that has a diameter of roughly 43 cm. To cope with
the great pressures around the bottom of the sea the glass is 14 mm thick,
which is sufficient to be operating at up to 350 times normal atmospheric
pressure.
All DOMs are secured to a vertical string, making up the detection
unit, and the DOMs themselves are connected via electro-optical cables.
The DOMs are capable of measuring without any external commands and
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through the cables direct communication to the shore is possible. [6]
Figure 3.1: Left: A computer generated sketch of a string. From left to right the
lower, middle and upper part is drawn. The yellow spheres are the buoys that
keep the line vertical. Right: Image of a DOM in the lab.
3.1.2 Photomultiplier Tubes
On every DOM there are 31 PMTs. They are ordered in 5 rings of 6 PMTs
and one single PMT on the bottom of a DOM. When a photon hits the pho-
tocathode in a PMT it ejects an electron from its surface into the tube. The
electron is focused by an electrode towards an electron multiplier. This
repetitively creates multiple lower energy electrons from a single electron
resulting in a large number of electrons at the end of the cascade. To-
gether they form a sharp pulse of the current, which can be measured with
nanosecond accuracy. In addition the PMTs collect information about the
start time and the time over threshold (ToT) of this electrical pulse. The
start time is the time at which the pulse exceeds the threshold voltage
of the PMT. The ToT is the time during which the pulse stays above this
threshold and is therefore a measure for the light intensity. Together the
PMTs provide a large detection area for every DOM (around 1400 cm2) [7].
19 of the PMTs are located in the lower half of the sphere and the other 12
in the upper sphere.
3.1.3 Detection Units
A detection unit (DU) is a vertically suspended string that contains the
DOMs. At the bottom it is anchored into the seabed and at the top the
14
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string is kept vertically straight by a submerged buoy. The string is actu-
ally a structure of two strong parallel ropes with the DOMs in between.
Each DU contains a total of 18 DOMs and they are 36 m apart, starting 70
m from the sea floor, and connected to the two ropes of the DU. The total
length of a DU, from the anchor to the buoy, is an approximate 700 m. 115
DUs make up a detector building block, where the spacing between the
individual DUs is between 90 and 120 m [8].
3.2 Current status
As early as February 2010 prototypes of the KM3NeT detector have been
deployed and tested. In the course of the years the deep sea and onshore
infrastructures of the selected detection sites were constructed and sev-
eral milestones have been achieved. April 2013 marked the first time a
KM3NeT DOM was installed in the sea (at the site of the old ANTARES
neutrino telescope∗). Only a year later, May 2014, a prototype DU with
three DOMs became operational near Capo Passero, which is the Italian
site. The most current activities have been the deployment of the first full
size DU in Italy (December 2015) and, after this was confirmed successful,
the installation of another two DUs at the Italian site (May 2016). For this
research data from the first full string near Capo Passero have been used†.
3.3 Background light in the deep sea
The detector is installed deep underwater to prevent the detection of un-
wanted light. All water above the detection units acts as a shield for light
that does not originate from neutrino interactions. At the same time the
water also shields from the muons that can be created by a cosmic ray air
shower in the earth’s atmosphere. Such a shower is the result of a collision
of one of the cosmic ray’s particles with a molecule in the atmosphere cre-
ating a variety of particles, including muons (see also 3.3.2 Atmospheric
muons). These atmospheric muons have enough energy to get to the de-
tector and generate detectable light. Moreover, in deep sea there are other
sources of background light. This optical background mainly consists of
bioluminescence and the process of 40K decays [9]. Knowing typical back-
ground rates and subsequently filtering the background will effectively
yield neutrino data only.
∗The KM3NeT detector’s predecessor.
†Source: www.km3net.org, news archive.
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3.3.1 Optical background
Potassium-40 or 40K decay is a natural process in the sea. The decay that
occurs most in nature involves the emission of an antineutrino and an
electron with a maximum energy of 1.3 MeV. In water, the Cherenkov
threshold energy for electrons is approximately 0.26 MeV. As a conse-
quence, a single decay can produce as much as 150 Cherenkov photons.
This amount of photons can cause a coincidence of hits on the same DOM
(at different PMTs), but the probability that the photons are detected on
two different DOMs is insignificantly small [10]. These particular photons
dominate the single hit rates on the PMTs in the detector, which is mea-
sured to be around 8 kHz.
Bioluminescence is light emitted by living organisms. It is estimated that
90% of the creatures that live deep sea can produce light [11]. Nonethe-
less, bioluminescence only produces single photons at a time and the rate
of activity can fluctuate meaningfully. Therefore it mostly adds only to
accidental events on a single DOM [12].
3.3.2 Atmospheric muons
Cosmic rays reaching the earth’s atmosphere can collide with molecules
in the air. Such a collision will produce high-energetic but unstable par-
ticles, that quickly decay into other particles. This results in a cascade of
particles and electromagnetic radiation, which is commonly referred to as
a shower. Among these particles are high-energetic atmospheric muons
that can reach the detector, even with the sea water acting as a shield.
Their energy is sufficiently large to be above the Cherenkov threshold,
thus producing light under water, which can be measured by the detec-
tor [13]. Because of their high energy they are capable of lighting multiple
DOMs at various depths as opposed to background light.
The biggest difference between atmospheric muons and background light,
however, lies within the timing of their respective hits. High-energy muons
emit many photons that hit the DOMs in quick succession, namely in the
order of nanoseconds. This light can be detected by many PMTs on a DOM
in a short time interval. Other light sources, like bioluminescence and 40K
decays, do not provide such strong light, these photons are typically un-
correlated in time. Therefore the background is not likely to contribute
to as many PMTs in as short a time interval as muons. Even though it is
possible that this occurs, it is still mainly muons that contribute to many
PMTs.
16
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3.3.3 Muon neutrinos
A muon neutrino participating in a weak interaction can create a muon
that emits Cherenkov light. Although this is very similar to an atmo-
spheric muon emitting light, there is one important difference: the direc-
tion of the muon track. Atmospheric muons come from above and gener-
ally hit PMTs that are located on the higher rings of a DOM. Muon neutri-
nos are capable of travelling through the earth, so they can create a muon
that is moving upwards rather than downwards. Muon neutrinos can also
create a downwards moving muon, but this is indistinguishable from an
atmospheric muon. The upward moving neutrino will then hit the lower
rings of the DOM. Neutrino detection is the main goal of the KM3NeT,
which is also why there are more PMTs on the lower half of the DOM than
on the upper half (19 vs. 12). Neutrino interactions rarely happen, how-
ever, and they are negligible when compared to the atmospheric muon
rate. In this project we focus on the abundant atmospheric muons and
study their depth dependence.
3.4 Methods
This section serves as a brief guide as to how detector data has generally
been used. Also, there is a short description of how simulations have been
run to compare with the real data.
The used data were recorded by the single DU at the Italian site and,
most importantly, the data consist of triggered hits, or L1 hits. This means
that all hits are at least part of a single coincidence, with a coincidence
being defined as two or more hits on the same DOM within a time interval
of 25 nanoseconds. Whilst the minimum for this trigger is two hits within
25 ns, it is well possible that there are more hits in this time window. These
hits can go up to 31 per interval, which is equivalent to all PMTs being
hit. An event in which n PMTs have been hit on a DOM is called a n-fold
coincidence.
The set of data that results from a long period of measuring (several
hours) is referred to as a run. All hits within the run are time stamped and
contain information about which PMT has been hit on which DOM. For
every DOM the hits have been stored in superframes. First of all, the hits
are sorted in time and after that they are clustered into coincidences by
looking at one hit and finding as many hits as possible within 25 ns from
this first hit. Then this process is repeated, moving on to the next hit. In
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this way the n-fold coincidences are determined.
Next to the raw data from the detector there is also data from Monte
Carlo simulations. These simulations are characterised by their many repi-
titions with random starting conditions. To simulate the interactions within
the detector and the detector itself two algorithms have been used. For the
atmospheric muon generation mupage v3r5 was used and for light propa-
gation and detection in water km3 v5r2 was used.
Data analysis is performed with the object oriented program ROOT.
This has been developed by CERN and is generally used in analysis of
particle physics.
18
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Chapter4
Estimate of the detectable muon
flux in the KM3NeT detector
In search of a depth dependency it is worth contemplating whether a rea-
sonable prediction can be made about what we expect to measure and in
what quantities. As discussed earlier, underwater light can have various
sources. All that is interesting for this research is the light originating from
muons. Background light is undesirable, but the hit rate is constant at ev-
ery depth and therefore it is not too hard to filter this.
The theoretical basis of different hit rates at different depths is the effect
that shielding of sea water has on atmosperic muons. Some results already
exist on the effects of water on the muon flux. Other researches include the
effects of large volumes of rock on the muon flux, which can be translated
into a ‘water equivalent’. The results of one research will be used to make
a crude calculation on how many muon events can be expected at various
detector depths.
4.1 Underwater muon flux
Based on experimental data a model has been suggested to fit the data to
a function that relates the depth to the muon intensity from atmospheric
muons only [14]:
I(h) = I1e(−h/λ1) + I2e(−h/λ2) (1)
where I(h) is the muon intensity (in units of cm−2s−1) as a function of
the vertical depth h (in units of kilometers of water equivalent, km.w.e.)
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and λ1,λ2 are . I1, I2,λ1 and λ2 are parameters that are experimentally
determined. Because h is given in km.w.e. we can use the actual depth of
the DOMs to estimate the muon intensity with equation 1.
The parameters have been determined by analysing data from various
underwater and underground sites in the flat earth approximation∗ and
are as follows: I1 = (67.97± 4.19) · 10−6, I2 = (2.071± 0.282) · 10−6,λ1 =
0.285± 0.006 km.w.e., λ2 = 0.698± 0.016 km.w.e. Based on these numbers
figure 4.1 has been produced, relating the muon intensity to the depth of
the detector.
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Figure 4.1: Atmospheric muon intensity as a function of the vertical depth. The
muon flux decreases exponentially with the depth.
Although the muon flux from the equation describes only the atmo-
spheric muons, thus excluding muons from neutrinos, it is still possi-
ble and justifiable to make a quantitive prediction about the total muon
flux based on these findings. The neutrino flux from cosmic neutrinos is
namely negligible compared to the muon flux from atmospheric muons.
We can therefore take the expected atmospheric muon flux as a good mea-
sure for the qualitative and quantitative behavior of the total muon flux.
∗This approaches the surface where the muons hit the water or rocks as being flat
20
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4.2 Slope estimate
From the formula we already expect to detect fewer muons at greater
depths, because h appears as a negative exponent. The relation between
the muon intensity and the depth is exponential, as given by the sum of
two exponential functions in equation 1. Once plotted (figure 4.1), it is
possible to fit a single exponential function to the curve in order to re-
trieve values for the standard exponential formula†:
I(h) = I0 · e−λ·h (2)
This is instructive, because it will provide an estimate for λ, whose
value can loosely be described as the slope of the function. λ can also be
manipulated into a measure for the distance at which the muon intensity
is halved and this is a good and insightful number to work with.
Fitting the curve from figure 4.1 to the aforementioned standard expo-
nential function yields the following values: I0 = (3.081 ± 0.326) · 10−6
and λ = (1.543± 0.025) · 10−3 m−1. To determine the underwater distance
at which the muon intensity is halved, we have to set e−λ·h = 12 as this will
yield I(h) = 12 I0 in equation 2. Subsequently working out an expression
for the halving distance h 1
2
gives us: h 1
2
= ln 2λ =
ln 2
1.543·10−3 ≈ 450 m.
In conclusion, the muon intensity is expected to decrease exponen-
tially as the depth increases. The value of the slope is estimated to be
λ = (1.543± 0.025) · 10−3 m−1, which corresponds to a halving distance
of roughly 450 m of water. Even if these numbers are based solely on at-
mospheric muons they still provide a reasonable insight in the expected
results. Mainly because the biggest contribution to the muon flux comes
from the atmospheric muons and the rest can either be considered con-
stant or negligibly small.
†Standard exponential formula in ROOT framework
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Chapter5
Depth dependency of muon
measurements
With an approximate 650 m between the highest and the lowest DOM it
is valid to think that these DOMs do not measure similar muon rates. As
shown in the previous chapter we expect a decrease of the hit rate from the
highest to the lowest DOMs for muon measurements. This has to do with
the shielding of the sea water and the longer path lengths for atmospheric
muons to traverse the medium. Comparing data from individual DOMs
will show what the differences are at varying depths. If we can distinguish
between muons and background light sources this will eventually lead to
a measurement of the depth dependence.
All real data plots in this chapter are based on seven consecutive runs
of measurements, unless stated otherwise. These runs have a total runtime
of 1.326 · 105 seconds, which is roughly 1.5 day, and contain 8.147 · 109 L1
hits. The Monte Carlo (MC) simulated data are based on a runtime of
4.290 · 104 seconds, which is within an order of magnitude of the real data,
but the number of hits is significantly less, 2.458 · 106. Additionally, the
MC file did not include a continuous background hit rate. Background
hits were added only to the simulated muon events, so there are no events
that consist of background hits only. This ensures that we can directly
compare the muon hit rates of the real data and MC data with each other.
5.1 Correction factor
During measurements some of the data from the DOMs became corrupted
because not all data were properly transferred from the DOMs to the coast.
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Missing out on parts of the data will affect the outcome of the analysis we
set out to do. Therefore a preliminary analysis of the seven runs has been
performed to see whether the data from these runs are corrupted in any
way. And if they are, how badly they are compromised. This showed that
there was a problem with the average hit rates of the DOMs. The average
rates that were measured are in the order of kHz, but they fluctuate a lot
(figure 5.1).
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Figure 5.1: The average L1 hit rates (all hits that are part of any coincidence) for
all DOMs in ascending order (DOM 1 is the deepest one). DOM 16 through 18
deliver incomplete data.
An earlier analysis of data taken by a single DOM has shown that the
overall hit rate is constant in time [15]. Evidently, the average (overall)
hit rate of the L1 hits are not constant for every DOM in this plot, which
should not be the case. DOMs 16 through 18 in particular are affected by
the data corruption. To account for these wrong rates a correction factor
will be used. The highest rate of all DOMs will be set equal to 1 and all
DOMs will be assigned an individual factor to normalize their rates. Ev-
erytime the hit rate of any DOM is used it will be this normalized hit rate.
Due to the correction, 17 out of 18 DOMs have a different value than
24
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before. Most DOMs have only a small correction, but some, the three up-
per ones in particular, have been corrected drastically. It is uncertain to
what extent this big correction alters the actual composition of the hit rates
for these DOMs (i.e. how the number of background and muon hits is
changed). There is, however, no reason to assume that either background
or muon hits are relatively more increased by the correction factor. So even
though the correction is necessary to make a meaningful comparison be-
tween DOMs and does not seem to alter the composition of the data more
systematic studies are required to accurately quantify the findings here.
5.2 Coincidence rate
The coincidence level can be used as a measure to distinguish between
muon events and noise. Background light was said to be uncorrelated in
time, whereas muons can hit many PMTs in a short time interval, resulting
in a high coincidence level.
Coincidence level
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Figure 5.2: The hit rates (on a log scale) for all coincidence levels for all DOMs
together from 2 until 31. Notice the little kink around 8-fold coincidences, this is
the transition from background affected rates to muon-only rates.
Determining at what coincidence level it is safe to assume muon light is
a good way to get a rough selection criterion to separate noise from muon
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events. For this purpose all hits on all DOMs are scanned and their coin-
cidence level is calculated. Figure 5.2 shows the coincidence level plotted
against the rate (number of hits per time) at which it occurs.
The most important feature of this figure is the sudden change of slope.
From 2-fold to approximately 8-fold coincidences there is a rather steep
decrease in the hit rate. After that its slope flattens to a lesser decrease.
As stated before, the light coming from muons generally produces a high
coincidence level and in the figure this corresponds to the flatter slope in
the second part. If all measured hits were muons this pattern would con-
tinue in the first part without a steeper slope. Now, the first part contains
all background hits, which is dominated by 40K decays. It can safely be as-
sumed that from 9-fold coincidences onwards only muon events are being
measured.
The coincidence rates that were obtained as a result of the analysis can
be compared to a similar plot of an earlier research [13]. This plot is based
on data from one prototype string suspended at the same location as the
two strings that are used in this research. The outcome can be seen in
figure 5.3 and shows the hit rate for the three DOMs individually in that
particular string. Keep in mind that figure 5.2 shows the hit rate for all 18
DOMs together, which would mean a factor 18 increase when compared to
figure 5.3. A comparison between both figures gives a rough consistency
between the rate values.
Also, the change in slope can be found here, although it is hard to say
where exactly this occurs. Muon hits seemingly prevail after 7-fold coin-
cidences for the prototype string. The analysis of the seven runs showed
exclusive muon hits from 8-fold coincidences. Because this value deviates
slightly from the value of the prototype string and another study [16](muon
limit at 6-fold) some muon hits will be unfairly discarded as being part of
the background. This will affect the rate of muon events, because fewer
muons are taken into account than were actually measured.
5.3 Upper and lower sphere hits
Now that it is possible to ‘select’ muon hits, it is worth looking at where
the hits are detected. The direction is essentially split between up and
down, because we expect atmospheric muons to come from above and
muon neutrinos to come from below. Background light contributes sym-
metrically to the hits from above and below. The first step is filtering muon
events by selecting only events with more than an 8-fold coincidence. Sub-
sequently we look at every single hit in such a coincidence and get a sense
26
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Figure 5.3: The hit rates of different coincidence levels as measured by a proto-
type string at the Italian site.
of their direction by examining the PMTs that were hit. A division is made
between the upper 12 PMTs on a DOM and the lower 19 PMTs. For every
DOM such an analysis has been performed, resulting in a plot for the hit
rate on a PMT in the upper sphere for all 18 DOMs and a plot for the hit
rate in the lower sphere of all DOMs. They are shown in figure 5.4.
The x-axis represents the DOM number, with DOM 1 the lowest or
deepest one and DOM 18 the highest. Both plots display a similar trait,
namely an increase of the hit rate as we look higher up the string. The most
notable difference between the two is the hit rate for every DOM. The up-
per sphere hit rate ranges from approximately 0.09 to 0.20 Hz, whereas the
lower sphere hits range from 0.06 to 0.13 Hz. A deviation in this compar-
ison was expected, because the atmospheric muons, coming from above,
make a smaller contribution to hits in the lower sphere of a DOM. Note
also that the lower sphere has a greater detection area compared to the
upper sphere, because it has 19 of the 31 PMTs on this half of the DOM.
The difference between the rates per PMT of the two halves will therefore
be even bigger than you would read directly from this figure.
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Figure 5.4: Left: The hit rate of muon events for every PMT in the upper sphere.
Right: Muon hit rate in the lower sphere of the DOMs.
More importantly though, both plots provide a clear sign of a depth
dependency for muons. Simply put, the deeper the DOM is situated, the
fewer hits you get. Even for the lower half of the DOM this trend is visible,
meaning that a lot of muons also hit this part. This can be explained by
the fact that not all muons come straight from above. They rather enter the
water at an angle, which enables them to also hit PMTs on the lower half
of a DOM. Especially with the light cone∗ they emit it should be possible
to hit a great part of a DOM.
MC simulated data have been run as well and the results can be found
in figure 5.5.
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Figure 5.5: Left: The hit rate of muon events for every PMT in the upper sphere
based on MC data. Right: Muon hit rate in the lower sphere of the DOMs based
on MC data.
These figures are similar to the real data figures. Quantitatively, how-
ever, there is a factor 2 difference between the data and the MC simulations
when comparing the absolute values of the hit rates. On the other hand,
∗See Cherenkov light, chapter 2
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there are also fewer hits in the lower sphere and the depth dependency
is again visible. This strongly supports that the coincidence rate does in-
deed decrease with ascending depths. Next to that, the fact that the hits
in the lower sphere have the same pattern as the hits in the upper sphere
for both real and MC data suggests that lower sphere hits consist mainly
of atmospheric muons. This is in accordance with the expectations from
chapter 4 and it also justifies the assumption that was made with predict-
ing the muon flux properties. It was namely assumed that the neutrino
muon flux was so small that its contribution could be ignored. If there
was a reasonable contribution from muon neutrinos we would have seen
more hits on the lower sphere of a DOM†.
The figure that contains the hit rates for the upper sphere shows what
one expects to see. The rates decrease as you go deeper down the sea. This
result can almost entirely be attributed to the effect of shielding. It takes
more effort for muons to traverse sea water than the air in our atmosphere,
so there are fewer hits in the lower parts of the detector. Even in these
lower parts the depth dependency can be observed. This supports the
assumption that the muon flux from neutrinos could be ignored. Because
the pattern is the same as in the upper sphere the largest contribution will
be atmospheric muons that manage to hit the lower parts of a DOM.
5.4 Multifold coincidences as function of DOM
depth
The plots for the upper and lower sphere hits contained every single hit
from a coincidence of 9 or more. Earlier on it was established that this
is the level from which muon hits are common. Instead of collecting all
muon hits and working with this data, it is also interesting to look at a
small selection of muon hits and compare this to a part of the coincidences
that are still affected by noise.
For this purpose we compare the data for 8-fold coincidences, so with
a slight noise contribution, with data for 12-fold coincidences, muon hits.
In both cases the number of hits per PMT for every single DOM are given.
Figure 5.6 contains both plots. Note that in the plot the PMTs are ordered
according to the rings they occupy, from the lowest ring on the left to the
highest ring on the right.
For 8-fold coincidences there is a substantially uneven distribution of
†Remember that muon neutrinos can create an upward moving muon (See Muon neu-
trinos, chapter 3)
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Figure 5.6: The upper plots give the hit rates per PMT per DOM for one particular
coincidence level. The lower plots show the median and the highest and lowest
value of the hit rates on a PMT for the 18 DOMs. Left: For all 8-fold coincidences
the hit distribution among all DOMs and all PMTs. Right: The same distribution,
but now for 12-fold coincidences.
hits for every DOM, plotted on the y-axis from lowest (DOM 1) to highest
(DOM 18). Especially in the 19 lower half PMTs there is no particular
trend visible. If, however, the 12 PMTs in the upper half are considered,
one feature stands out. From DOM 1 to DOM 18 there is a gradual increase
in the number of hits measured for every PMT. Quantitively, the hit rate
approximately doubles from the lowest to the highest DOM.
If we then look at the 12-fold coincidence plot there are some striking
differences. First of all, there are no notable red zones with a high hit rate.
For every row and column the colors look to merge into each other in a
natural way. These smooth transitions tell a few things. On DOM level
there are more hits in the upper half of a DOM than on the lower half.
Also, for every ring of 6 PMTs the number of hits increases. On string
level we still see that the lowest DOM has the least hits and, as we move
up the string, that the number of hits increases correspondingly. Secondly,
the number of hits in the bottom half of the DOM is lower than that of the
upper half. Comparing the two lower plots with each other it becomes
30
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clear that the hits in the upper half follow the same trend in both cases,
which is a slight decrease in the number of hits. The lower half does not
show a similar trend, but the uncertainty (the shaded area) is so large that
it is not possible to generalise this.
Comparing the two plots gives insights in the differences between muon
hits and events that contain background light. For 8-fold coincidences
there is noise in most DOMs, especially in the lower half. The general pat-
tern of fewer hits deeper down the detector is, however, also visible in this
part. Overall, both plots demonstrate that the number of measured hits
decreases as the depth increases, which is another indication of a depth
dependency.
In appendix A one can find similar plots of all muon hits for every run
individually. Also here the muon hit rates are lower in the deeper parts of
the detector and there are fewer hits on the lower sphere of a DOM than
on the upper sphere.
A closer examination of the particular DOMs and PMTs involved with
the red zones in the 8-fold plot has shown that in most data runs there
are two or three random moments in time where an incredible burst of
hits is measured. Comparing hit times from adjacent DOMs from iden-
tical runs with each other does not indicate a pattern, so it is improbable
that these bursts are muons‡. A satisfactory explanation for these bursts
has not been found yet, but a possible cause is bioluminescence, which
is known to consist of short and sharp peaks of light. Mentioning these
peaks is worthwhile regardless of the possible causes, because they are so
obviously present in this particular plot. Moreover, they might also be ex-
istent in other parts of the data analysis and affect the eventual outcome
there. This behavior seems to appear only below certain coincidence lev-
els, up until 9-fold coincidences. In that case only a small part of the muon
measurements is disturbed, which can still distort our analyses, though.
5.5 Slope analysis
So far, the evidence points strongly towards a depth dependency for the
muons in the detector. It is instructive to perform a quantitive analysis
of some of the data in order to get the means to compare numbers and
figures. This will provide an additional way to judge whether the evidence
is conclusive or whether caution should be exercised.
To quantify the observed decrease in number of hits we use the expo-
‡Muons would usually light up multiple DOMs at almost the same time
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nential relation between depth and hit rate (see chapter 4). For every n-
fold coincidence we can plot the hit rate against the DOM number, which
translates to a depth. The data points of this plot can be fitted to an expo-
nential function and the slope of this curve will provide information about
the decrease of the rate over the string.
Because the hit rate is different for every n-fold coincidence, all of them
will be plotted separately. Not all coincidence levels are taken into ac-
count, because after a certain level the coincidences become so scarce that
the rates on individual DOMs are too low to make a reasonable compari-
son. Therefore only 2- through 15-fold coincidences are plotted.
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Figure 5.7: The hit rate (on a log scale) plotted against the depth of the detector
for 2- through 9-fold coincidences. Data has been fitted to an exponential function
for each coincidence level.
The plot displays 8 different coincidence levels, each marked by a dif-
ferent color. The rate of these coincidences is plotted on a log scale against
the depth of the detector, relative to the surface of the sea.
For the first 4 coincidence levels the rates are almost constant, which is
due to the dominant background light. However, from 6-fold coincidences
onward the exponential fit starts to develop a negative slope. This is the
32
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point where muon events slowly become prevalent among the hits. It can
also be found in the higher coincidence levels, where the slope becomes
somewhat steeper.
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Figure 5.8: The hit rate plotted against the depth of the detector for 10- through
15-fold coincidences. Data has been fitted to an exponential function for each
coincidence level.
Figure 5.8 shows the plot for 10- through 15-fold coincidences, which
is dominated by muons. This serves as additional support for the depth
dependency claim. It makes a significant difference whether the hit rate
on the highest or the lowest DOM is considered. For 10-fold coincidences
the rate differs even more than a factor of 2 over a distance of roughly 600
m.
As a means of comparison the plot containing the muon hits has been
reproduced for MC data (figure 5.9). The absolute values of the rates are
off by more than a factor 2, which is similar to the discrepancy found in
figures 5.4 and 5.5. Apart from this the two plots for real data and MC data
look very similar. To see if they are as identical as they look, we will inspect
the slopes of all coincidence levels in each plot. All data are obtained by a
computer executed exponential fitting procedure. The exact values for all
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slopes can be found in a table in appendix B. Figure 5.10 shows the values
in a plot.
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Figure 5.9: For MC simulated data the hit rate has been plotted against the depth
of the detector for 10- through 15-fold coincidences. An exponential function was
fitted to each coincidence level.
It can be seen that, as stated before, the lower coincidence levels have a
noise contribution that alters the slopes in this regime. However, after the
earlier determined muon hit limit has been passed at 8-fold coincidences,
the slopes are very much alike. Also for MC data the slopes are similar to
each other, even for every coincidence level, which is due to the fact that
these are only muon hits. Finally, all but one of the slopes are negative,
thus meaning that the hit rate decreases as the depth increases. This is
another piece of evidence that supports a muon depth dependency.
For illustration figure 5.11 is included. This shows the relative decrease
of the muon intensity from the highest to the lowest DOM. In the muon
dominated part it is seen that more than 50% of the initial intensity has
been lost over the length of the detector. This applies to both real and MC
data.
The slopes from the real data show a neat correspondence with each
34
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Figure 5.10: The values for the slopes for real data and MC data. All values were
determined by fitting an exponential function to the curves.
other. For the muon-dominated part there are a few points that devi-
ate from the supposed average, but all consistent within the statistical er-
rors. Other than that the slopes seem to become constant in the muon hits
regime. A comparison with the expected slope (-1.54 · 10−3) shows that the
MC data is the same, whereas the real data are somewhat off. There are
ways to improve the results. One of those is to increase the amount of data
that is being analysed. This will eliminate most abnormalities and give a
better average. Another way would be to improve the coincidence selec-
tion procedure. As was briefly discussed in chapter 3, the current method
is to look at a single hit and find coincident hits within 25 ns. A more so-
phisticated method is to find high coincidenct hits in the timeline, select
those first and then look for the rest. That way you ensure that an event
that lights up many PMTs within 25 ns is always selected. The current
method does not prevent that such an event is divided in two. A simpli-
fied example to clarify this: there is an event with 1 hit every nanosecond
for 25 ns. This should be seen as a 25-fold coincidence. If, however, there is
a single hit 10 ns before this event takes place and this hit is selected as the
first of a coincidence, then it will select all the hits until 25 ns have passed.
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Figure 5.11: The relative decrease in muon intensity for the entire length of the
detector for real data and MC simulated data.
This means that it selects another 15 hits, making a 16-fold coincidence
and leaving a 10-fold coincidence for the next 25 ns interval. So instead of
the physically more interesting 25-fold coincidence, a 16-fold and a 10-fold
coincidence are measured. Improving this will make for a slightly better
result.
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Conclusions
There is ample evidence to support the claim that a depth dependency
of atmospheric muons has been measured by the KM3NeT detector. To
be more specific, there is a depth dependency for muon hits in the de-
tector. Background light, like bioluminescence and 40K decay, is present
at roughly equal rates at every depth, but these hits are only part of low
coincidences. Looking at the hit rates for all coincidence levels it turned
out that after a certain level it was safe to assume that these were muon
hits. This has been determined at 8-fold coincidences, but as a safeguard
all further analysis has been done with a 9-fold coincidence limit.
The muon hits that were selected that way could be roughly distin-
guished as hitting either the upper or the lower sphere of a DOM. In both
cases it was evident that the number of hits was dependent on the depth
of the DOM at which they were detected. This also showed for the Monte
Carlo simulated data.
By looking at the relatively low coincidence level of 8 and comparing
this data to a higher coincidence level of 12 it could be demonstrated that
there is a notable noise contribution in the lower coincidence as opposed
to the higher coincidence. Furthermore, both levels exhibit fewer hits at
greater depths, which is again supportive of the muon depth dependence
claim.
Fitting an exponential function to the hit rate of different coincidence
levels at various depths has yielded values for the slopes of 2- through 15-
fold coincidences, for both real data and MC simulations. As expected
for the real data the value of the slopes for coincidence levels below 8
were lower than the ones above 8, because of the background hits they
contain. Indeed, for the higher coincidences (muon dominated hits) the
slope converges to a certain value, which is approximately equal to -1.30 ·
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10−3. This gives a halving depth of roughly 530 m. MC data did not have
constant background contribution, but the average slope from the ‘muon
hits’ is approximately -1.42 · 10−3, which means a halving depth of close
to 490 m.
Relating these numbers to the expected (atmospheric) muon rate of -
1.54 · 10−3, and the corresponding halving depth of 450 m, shows a great
agreement between expectations and results. Especially the MC slope is
very close to the expected slope, while the real data value is within a 25%
margin. Therefore it is not only possible to make a qualitative prediction
of the hit rate at increasing depths, but also a quantitative prediction.
38
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AppendixA
Muon hit rates per PMT per DOM
Note that wherever ’muon hits‘ are mentioned these hits have been part of
a coincidence that has a 9-fold multiplicity or higher. This is in correspon-
dence with the findings in chapter 5.2.
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Slope values
Coincidence level Slope (data) Relative decrease (%)
2 -4.01 · 10−6 ± 6.06 · 10−8 0.25 ± 0.02
3 7.62 · 10−5 ± 4.00 · 10−7 -4.55 ± 0.02
4 -1.94 · 10−6 ± 1.22 · 10−6 0.12 ± 0.07
5 -2.63 · 10−4 ± 3.45 · 10−6 14.69 ± 0.18
6 -6.92 · 10−4 ± 1.00 · 10−5 34.53 ± 0.40
7 -1.07 · 10−3 ± 2.52 · 10−5 48.05 ± 0.84
8 -1.28 · 10−3 ± 3.81 · 10−5 54.31 ± 1.08
9 -1.46 · 10−3 ± 4.62 · 10−5 59.09 ± 1.15
10 -1.32 · 10−3 ± 5.36 · 10−5 55.42 ± 1.44
11 -1.23 · 10−3 ± 6.32 · 10−5 52.89 ± 1.79
12 -1.24 · 10−3 ± 7.28 · 10−5 53.18 ± 2.04
13 -1.30 · 10−3 ± 8.60 · 10−5 54.87 ± 2.32
14 -1.21 · 10−3 ± 1.07 · 10−4 52.31 ± 2.85
15 -1.45 · 10−3 ± 1.23 · 10−4 58.83 ± 2.99
Table B.1: The slopes for the hit rate against depth plots. For every coincidence level from
2 until 15 the slopes for the real data are given as determined by applying an exponential
fit. The relative decrease is the decrease in hit rate from the first DOM to the last one.
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Coincidence level Slope (MC) Relative decrease (%)
2 -1.42 · 10−3 ± 3.65 · 10−5 58.07 ± 0.93
3 -1.47 · 10−3 ± 5.21 · 10−5 59.33 ± 1.27
4 -1.49 · 10−3 ± 6.75 · 10−5 59.82 ± 1.62
5 -1.40 · 10−3 ± 8.45 · 10−5 57.55 ± 2.14
6 -1.52 · 10−3 ± 9.94 · 10−5 60.56 ± 2.33
7 -1.41 · 10−3 ± 1.15 · 10−4 57.81 ± 2.86
8 -1.48 · 10−3 ± 1.35 · 10−4 59.58 ± 3.21
9 -1.42 · 10−3 ± 1.51 · 10−4 58.07 ± 3.70
10 -1.44 · 10−3 ± 1.78 · 10−4 58.58 ± 4.27
11 -1.46 · 10−3 ± 2.02 · 10−4 59.08 ± 4.76
12 -1.60 · 10−3 ± 2.28 · 10−4 62.44 ± 4.89
13 -1.31 · 10−3 ± 2.81 · 10−4 55.14 ± 7.09
14 -1.37 · 10−3 ± 3.22 · 10−4 56.76 ± 7.73
15 -1.29 · 10−3 ± 4.30 · 10−4 54.59 ± 10.50
Table B.2: The slopes for the hit rate against depth plots. For every coincidence level from
2 until 15 the slopes for the Monte Carlo simulation are given as determined by applying
an exponential fit. The relative decrease is the decrease in hit rate from the first DOM to
the last one.
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